TRPP2 (transient receptor potential polycystin-2) channels function in a range of cells where they are localized to specific subcellular regions including the endoplasmic reticulum (ER) and primary cilium. In humans, TRPP2/PC-2 mutations severely compromise kidney function and cause autosomal dominant polycystic kidney disease (ADPKD). The Caenorhabditis elegans TRPP2 homolog, PKD-2, is restricted to the somatodendritic (cell body and dendrite) and ciliary compartments of male specific sensory neurons. Within these neurons PKD-2 function is required for sensation. To understand the mechanisms regulating TRPP2 subcellular distribution and activity, we performed in vivo structure-function-localization studies using C. elegans as a model system. Our data demonstrate that somatodendritic and ciliary targeting requires the transmembrane (TM) region of PKD-2 and that the PKD-2 cytosolic termini regulate subcellular distribution and function. Within neuronal cell bodies, PKD-2 colocalizes with the OSM-9 TRP vanilloid (TRPV) channel, suggesting that these TRPP and TRPV channels may function in a common process. When human TRPP2/PC-2 is heterologously expressed in transgenic C. elegans animals, PC-2 does not visibly localize to cilia but does partially rescue pkd-2 null mutant defects, suggesting that human PC-2 and PKD-2 are functional homologs.
Introduction
The transient receptor potential (TRP) channel superfamily is classified into six groups of ion channels that share a common structure. Defects in TRP receptor function cause a variety of diseases [1] , including autosomal dominant polycystic kidney disease (ADPKD [2] ). Many TRP receptors are multifunctional, specializing in either a sensory or developmental capacity to act as intrinsic environmental sensors. Typically TRP channels form cation-permeable tetramers that respond to extracellular stimulation [3] . TRP channel function is dependent upon complex assembly, subcellular localization, and downstream signaling [4] .
The human TRP polycystin-2 protein (TRPP2/PC-2) was identified based upon its involvement in ADPKD [5] . In the kidney, TRPP2/PC-2 acts as a mechanosensor to regulate kidney homeostasis in response to urine flow [6] . TRPP2/PC-2 also regulates a variety of other biological processes including the establishment of polarity, cell proliferation, and apoptosis [7] . TRPP2/PC-2 functions as a nonselective calcium permeable ion
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channel that, depending upon the cellular environment, is targeted to a variety of subcellular locations including the plasma membrane, primary cilia, endoplasmic reticulum (ER), centrosome, and mitotic spindles [7, 8] . TRPP2 contains a variety of signaling and protein interaction motifs including a calcium binding EF hand and ER retention signal in the cytoplasmic C-terminus, and a large and unique extracellular loop between the first two transmembrane (TM) domains. The cytosolic N-terminus contains a glycogen synthase kinase 3 (GSK3) phosphorylation site required for plasma membrane localization [9] and a ciliary targeting motif [10] . TRPP2/PC-2 colocalizes with polycystin-1 (PC-1) [11] to form a functional heteromeric complex, and this interaction is mediated by their carboxy termini coiled-coil regions [12] . Moreover, the presence of partner proteins like PC-1 affects the subcellular distribution of TRPP2/PC-2: co-assembly of these two proteins is required for TRPP2/PC-2 channel function at the membrane in some cell types [11] . In addition to PC-1, other adaptor proteins regulate the distribution of the TRPP2/PC-2 channel including GSK3 [9] , PIGEA-14 [13] and phosphofurin acidic cluster sorting (PACS) proteins [14] . This dynamic subcellular distribution may allow TRPP2/PC-2 to perform multiple roles required for cellular homeostasis. Understanding how TRPP channels are targeted to and selectively distributed within the cell is critical to understanding their physiological and pathological roles.
Research in simple experimental organisms has revealed numerous unique features about the TRP superfamily. TRP channels were first identified in photoreceptors of Drosophila melanogaster [15] . In Caenorhabditis elegans it was first demonstrated that the LOV-1 (PC-1) and PKD-2 (PC-2) polycystins localize to cilia of male specific sensory neurons where they regulate male mating behavior [16] . In the polycystin neurons (four CEM head neurons, 16 RnB ray and one HOB hook tail neuron) C. elegans PKD-2 localizes to the somatodendritic region and cilium [17, 18] . Within the somatodendritic region PKD-2::GFP labeled vesicles are actively transported from the cell body along the dendrite to the ciliary base [17] . Similar to human PC-2, PKD-2 colocalizes with ER markers in the cell body [17] . The 'ciliary base' corresponds to the distal most region of the dendrite and the transition zone [17, 19] . The transition zone is presumably the site where dendritic vesicles dock and membrane proteins are inserted into the ciliary membrane [20] . The 'cilium proper' extends from the transition zone to the end of the cilium and is composed of a microtubule axoneme and the overlying membrane. PKD-2:: GFP localizes to both the ciliary base and cilium proper, and is enriched in the former region [17, 21] . Previously we proposed that a cell body checkpoint restricts PKD-2 to the dendritic compartment, and that a ciliary checkpoint regulates the abundance of PKD-2 in the cilium [17] . PKD-2 levels in the ciliary membrane are regulated by a complex scheme of retrograde transport, degradation, and recycling [21, 22] .
To further understand PKD-2 trafficking, we took a molecular approach to identify regions within PKD-2 that are required for localization and function. We considered three main regions of PKD-2: the cytoplasmic N-terminus (amino acids 1-73), the transmembrane (TM) region (aa 74-541), and the cytoplasmic C-terminus (aa 542-716). The N-terminus contains two recognizable motifs: an N-myristoylation sequence (aa 48-53) and a casein kinase II (CK2) phosphorylation site (aa 58-61 [22] ). The TM region is the most related to the TRPP2 family and includes 6 hydrophobic regions corresponding to the TM domains and two polycystin motifs in the first extracellular loop. The C-terminus contains multiple CK2 sites that regulate TRPP2 and PKD-2 localization in mammalian cells and transgenic worms, respectively [14, 22, 23] . Our results indicate that distinct regions of PKD-2 mediate trafficking and function and that PKD-2 and human TRPP2/PC-2 are orthologs.
Materials and methods

GFP expression constructs
Full length C-terminal GFP-tagged PKD-2 was described in [17] and used as a template for PKD-2 deletion constructs. Truncated pkd-2 cDNA clones were generated by PCR, subcloned into pCR-II TOPO (Invitrogen), and sequenced. These deletion cassettes were cloned in frame into the appropriate vectors containing an upstream Ppkd-2 promoter and downstream GFP [17] . The following constructs were generated: ΔN:: GFP (pKK102 and pKK111, encoding amino acids (aa) 67-716 or 64-716), ΔC::GFP (pKK96, aa 1-541), ΔER::GFP (pKK98, aa 1-711), and ΔNΔC::GFP (pKK104, aa 64-541). pXD5 [24] provided a fulllength FLAG-tagged human polycystin-2 (TRPP2/PC-2) that was subcloned into an expression vector containing the Ppkd-2 promoter (pKK59). A full-length human TRPP2/PC-2 cDNA (minus the stop codon) was PCR amplified from pXD5, subcloned into pCR-II TOPO (Invitrogen), and sequenced. PC-2 was subcloned in frame into a Ppkd-2::GFP vector to generate PC-2::GFP (pKK91, aa 1-968). A YFP tagged PC-2 was similarly generated using the Ppkd-2::venusYFP vector (PC-2::YFP, pKK135). PC-2ΔC::GFP (pKK109, aa 1-693) was constructed by amplifying the amino and TM regions of PC-2 and subcloning this fragment into Ppkd-2::GFP. Portions of the C. elegans PKD-2 and human PC-2 proteins were generated by PCR amplifying the N-terminal, C-terminal, and TM regions of TRPP2/PC-2 or PKD-2 and subcloning fragments into Ppkd-2::GFP. HsNCeTMHsC::GFP is the full-length PC-2/PKD-2 chimera containing the N-terminus of PC-2 (aa 1-210), TM region of PKD-2 (aa 64-546) and the PC-2 C-terminus (aa 691-968, pKK151). For construct details please see Supplementary Table 2 . Further cloning details available upon request.
C. elegans maintenance and transgenic animals
Nematodes were raised using standard conditions [25] . Strains used for injections and behavioral characterization were: "WT": CB1490, him-5(e1490)V and PS2172, pha-1(e2123ts)III; him-5(e1490)V, and "mutant": PT9, pkd-2(sy606)IV; him-5(e1490) V, and PT22, pha-1(e2123ts)III; pkd-2(sy606)IV; him-5(e1490)V.
Transgenic worms were generated using standard microinjection technology. A mixture of deletion construct (50-60 g/μl) and a marker DNA (pBX1 ∼60 g/μl [26] or Punc122:GFP, ∼60 g/μl [27] was injected into pha-1(e2123ts)III; pkd-2(sy606)IV; him-5 (e1490)V or pkd-2(sy606)IV; him-5(e1490)V hermaphrodites, respectively. F2 progeny that stably expressed the marker DNA was maintained as transgenic lines. Multiple (2-5) transgenic lines were characterized for each analysis. For strain details please see Supplementary Table 2 .
Epifluorescent or confocal microscopic analysis of transgenic worms
L4 males and hermaphrodites were isolated and placed overnight at 15°C to obtain a synchronized sample. Within 24 h of isolation young adult male worms were mounted on agarose pads set on microscope slides and anesthetized using 5 mM Levamisole or 50 mM NaN 3 . Fluorescence analysis was performed on a Zeiss Axioskop II using a 63× (NA 1.4) oil objective. Confocal images were collected using a 63× (NA 1.4) objective on a BioRad MRC 1024 laser-scanning microscope (Lasersharp2000™ software). Optical sections were collected between 0.5 and 1 μm and projected as Z-series that were stored as TIFF files and manipulated using Adobe PhotoShop™. The subcellular distribution of PKD-2::GFP was assessed in the CEM head neurons of staged transgenic males using identical fluorescence microscopy settings. The subcellular distribution patterns of wild-type or mutant PKD-2 proteins were evaluated in three ways. First, PKD-2 distribution was examined in neuronal cell bodies. Wild-type PKD-2::GFP localizes in a reticular pattern in the cell body [17, 18] . 'Minimal' distribution was noted when it was not possible to clearly define the cell body or distinguish between the cytoplasm and nucleus; aggregates were counted and scored as having a random or polar location. Second, dendritic localization was examined. PKD-2::GFP is typically not visible in the distal dendrite of transgenic neurons. Increased dendritic localization was scored as 'abnormal.' Finally, PKD-2 distribution at the ciliary base and/or cilium proper was determined: It was noted when any construct was visible in the cilium proper. Phenotypes observed in the CEM neurons were also observed in the RnB ray neurons of the tail.
Mating behavior analysis
Multiple observation trials of male mating behavior were performed blindly using experimental and control animals in each trial. L4 transgenic males were isolated and maintained overnight at 15°C. For characterization of transgenic strains, GFP or pBX expressing males were selected 12-18 h prior to behavioral testing or analyzed for GFP expression after mating analysis. Mating behavior assays involved placing 1-6 virgin adult males on a newly seeded plate containing 10-12 unc-31(e169) adult hermaphrodites. The mating behavior of individual males was observed and response behavior was scored using the following criterion: a male who successfully responded to hermaphrodite contact within 4 min was scored as response positive (a male who failed to respond was negative). Responsiveness reflects the percentage of response positive males divided by the total number of males scored. Pair-wise comparisons were made using Mann-Whitney nonparametric and two-sided t-tests.
Results
The PKD-2 transmembrane domain is sufficient for somatodendritic and ciliary targeting
In pkd-2(sy606) null animals, transgenic expression of PKD-2:: GFP fully rescues male mating behavior defects [17, 18] and thus represents an appropriate measure of protein localization and function. To determine structure-function-localization relationships, the cytoplasmic tails and portions of the TM region of PKD-2 were deleted ( Supplementary Fig. 1 ). Wildtype PKD-2::GFP localizes to a reticular network in the cell body, the proximal dendrite, and cilium (Figs. 1A, B) . Deletion of the PKD-2 N-terminus (ΔN::GFP contains amino acids 64-716) or the C-terminus (ΔC::GFP aa 1-541) does not affect targeting to the somatodendritic or ciliary region (Supplementary  Table 1 ). However, deletion of both cytosolic domains (ΔNΔC::GFP aa 64-541) results in stable expression only in the ciliary regions (Figs. 1C, D, Supplementary Table 1) . While it is possible that these deletion proteins are not stable, we consider it a significant observation that all deletion constructs are still targeted to the ciliary subcompartment. These data confirm that the TM region is sufficient for PKD-2 localization and that the PKD-2 cytoplasmic tails do not direct PKD-2 subciliary distribution (Supplementary Table 1) .
Human TRPP2/PC-2 is structurally related to C. elegans PKD-2 (26% identity overall; N-terminus: 8%; TM region: 43%; C-terminus: 17%, Supplementary Fig. 2 ), and localizes to the primary cilia [28] , ER [29, 30] , plasma membrane [31] [32] [33] , centrosome [34] and mitotic spindles [35] of renal epithelial cells. To test whether PC-2 is targeted to the somatodendritic and ciliary regions in C. elegans, we used the pkd-2 promoter to drive expression of fluorescent protein (FP)-tagged PC-2 (aa 1-968) in transgenic nematodes and evaluated the localization of PC-2:: GFP or PC-2::YFP. PC-2::GFP is visible only in the cell body, but not in dendrites or cilia (Figs. 1E, F) . These results indicate that PC-2 lacks elements necessary for somatodendritic and ciliary targeting in C. elegans sensory neurons. A chimeric protein containing the cytosolic regions of PC-2 and the C. elegans PKD-2 TM domain (HsNCeTMHsC::GFP encodes PC-2 N-terminal aa 1-210, PKD-2 TM region: aa 64-546, PC-2 C-terminus: aa 691-968) is properly transported to the somatodendritic and ciliary regions (Figs. 1G, H) . These data confirm that the TM region is necessary and sufficient for PKD-2 targeting and that the PC-2 cytoplasmic tails do not direct PKD-2 ciliary targeting.
PKD-2 cytoplasmic tails regulate cell body retention
If the TM region targets PKD-2 to the somatodendritic and ciliary regions, what is the function of the cytoplasmic tails? While ΔNΔC:GFP localizes to cilia, little fusion protein is detected in neuronal cell bodies (Figs. 1C, D ; 100% of n =203 CEM neurons exhibited 'minimal' cell body localization, Supplementary Table 1 ). In contrast, PKD-2::GFP and ΔN::GFP exhibit normal expression levels in cell bodies (n =310 and 196 CEM neurons scored respectively). Deletion of the entire C-terminus (aa 543-716) reduces cell body distribution (ΔC::GFP, 6% of neurons scored exhibited 'minimal' cell body localization (n = 178)) and deletion of a predicted ER retention sequence at the C-terminal end of PKD-2 (aa 711-716, DKKEE) also reduces cell body localization (ΔER::GFP (9%, n = 174)). We conclude that retention of PKD-2 in the cell body requires both cytoplasmic tails.
The cytoplasmic C-terminus of human PC-2 also regulates cell body distribution. PC-2::GFP forms cytoplasmic aggregates in the cell body of transgenic neurons (Figs. 1E, F) . Deletion of the C-terminus (PC-2ΔC::GFP (aa 1-693)), which removes CK2 phosphorylation and PACS binding sites of PC-2, eliminates aggregate formation (Supplementary Table 1 ). The chimeric protein containing the C. elegans PKD-2 TM domain and the cytosolic regions of PC-2 (HsNCeTMHsC::GFP) is properly targeted to the somatodendritic and ciliary regions yet aggregates form in neuronal cell bodies (Figs. 1G, H) . No cytoplasmic aggregates are formed when a chimeric protein that contains the human PC-2 N-terminus and the C. elegans TM domain (HsNCeTM::GFP) is expressed in vivo (data not shown). These data suggest that the PC-2 cytoplasmic tails do not direct PKD-2 ciliary targeting but do regulate protein abundance and distribution within the cell body.
PKD-2 C-terminus regulates subciliary distribution
Do PKD-2 C-tails also regulate protein distribution within the cilium? A polycystin sensory cilium has two morphological subcompartments ( Fig. 2A) : The cilium proper is comprised of There is little observable cell body localization of ΔNΔC::GFP (double arrow) yet ciliary targeting is normal (arrowhead). E, F) GFP-tagged TRPP2 (PC-2::GFP) is not targeted to cilia (double arrowhead) but is present in perinuclear aggregates in the cell body (arrow). G, H) GFP-tagged chimera containing the cytoplasmic tails of TRPP2 fused with the TM region of PKD-2 (HsN:CeTM:HsC::GFP) is targeted to the cell body (arrow) and cilia (arrowhead). Small perinuclear aggregates are visible in the cell body. Scale bars 10 μm.
the microtubule axoneme and ciliary membrane and the ciliary base includes the distal dendrite and the transition zone [17, 19] . Full-length PKD-2::GFP is detected in both the cilium proper and base of one half (51% in pkd-2; him-5 mutants) of CEM neurons [17, 18] . PKD-2::GFP is visible only in the base of the remaining 49% of CEM neurons (n = 310 total scored). The percentage of neurons expressing ΔN::GFP in both the cilium proper and base is equivalent to PKD-2::GFP (49%, n = 196) indicating that the PKD-2 N-terminus is not necessary for ciliary distribution. However, deletion of the C-terminus or just the ER retention motif, significantly reduces distribution in the cilium proper (ΔC::GFP, 23% n = 166, p < 0.0001 vs. PKD-2:: GFP; ΔER::GFP 30% n = 168, p < 0.0001 vs. PKD-2::GFP, not shown). In contrast, deletion of both cytosolic tails increases distribution in the cilium proper (Fig. 2B , ΔNΔC::GFP 63% n = 231, p = 0.0256 vs. PKD-2::GFP) suggesting that both tails anchor PKD-2 at the ciliary base.
PKD-2 cytoplasmic tails regulate sensory function
The human TRPP2/PC-2 C-terminus interacts with a variety of proteins, contains an ER localization sequence, and is deleted in several disease causing mutants [11] . To study TRPP2 structure-function relationships, GFP-tagged PKD-2 deletion constructs and domains were expressed in pkd-2 mutants and the response behavior of transgenic males was evaluated (Fig. 3A) . Male mating behavior is a powerful in vivo assay for PKD-2 function. pkd-2 null mutants are severely defective in two substeps of mating behavior: response to mate contact and location of the mate's vulva, which requires male tail neurons [18, 36] . The CEM head neurons are required for chemotaxis to sex pheromones produced by Caenorhabditis remanei females [37] . pkd-2 mutant males are also defective in this chemotactic sexual behavior [37] . We therefore consider male mating behavior to be an accurate measure of PKD-2 transgene function. Transgenic expression of PKD-2::GFP rescues the response defect of pkd-2 mutant defects. Expression of an N-or C-terminal PKD-2 deletion construct (ΔN::GFP or ΔC::GFP) fails to rescue pkd-2 response defects, indicating that both the N-and C-termini are required for function. Deletion of an ER retention motif significantly interferes with but does not eliminate mating response (Supplementary Table 2 ). The mating behavior of transgenic animals expressing ΔNΔC::GFP was evaluated to determine if the TM region retains any unregulated function. Expression of ΔNΔC::GFP partially rescues mating response but not to wild-type levels (Fig. 3A) . In summary, the cytosolic domains regulate PKD-2 activity.
PKD-2 N-terminus inhibits C-terminal function
TRP channel function requires heteromeric or homomeric interactions and complex formation with adaptor and signaling proteins [3] . If the cytosolic tails of PKD-2 regulate this process, then deletion proteins may interfere with the function of endogenous channels. To test this hypothesis we expressed our deletion constructs in the wild-type background (Fig. 3B) . PKD-2::GFP has no inhibitory effect while ΔN::GFP significantly Fig. 3 -PKD-2 cytosolic domains regulate protein function in vivo. A) Transgenic expression of certain deletion and chimeric constructs significantly restores mutant male mating response behavior. Wild-type males (him-5(e1490)V) respond to hermaphrodite contact 87% (n = 621) of the time while pkd-2 mutant (pkd-2(sy606)IV; him-5(e1490)V) adult males respond 9% (n = 604) of the time. Transgenic pkd-2 mutants expressing PKD-2::GFP exhibit normal mating response behavior (86% n = 42, p < 0.0001 vs. pkd-2 mutant). Expression of the ΔN::GFP (9% n = 91), or ΔC::GFP (6% n = 49) constructs fails to rescue male mating response relative to their controls. Expression of the ΔNΔC::GFP construct significantly rescues male response behavior (19% n = 57, p = 0.0102 vs. pkd-2 mutant). TRPP2/PC-2 significantly rescues male mating response in transgenic mutant worms (PC-2::
GFP, 30% n = 168, p < 0.0001 vs. pkd-2 mutant). Transgenic expression of a chimeric TRPP2/PKD-2 protein (HsNCeTMHsC::GFP, 16% n = 95, p = 0.0320 vs. pkd-2 mutant) also weakly but significantly restores response in transgenic mutant worms. B) Transgenic expression of some deletion constructs interferes with the function of endogenous protein. Wild-type worms expressing PKD-2::GFP respond to hermaphrodites normally (75% (32)), as do transgenic worms expressing ΔC::GFP (65% n = 43), ΔNΔC::GFP (58%, n = 52), PC-2::GFP (77%, n = 65), and the chimera (77%, n = 82). Transgenic expression of ΔN::GFP (32%, n = 109, p < 0.0001 vs. pkd-2 mutant) significantly disrupts the response behavior of wild-type worms.
interferes with mating behavior of wild-type males. 75% of wildtype males expressing full-length GFP-tagged PKD-2 (n =32) respond to hermaphrodite contact whereas ΔN::GFP transgenic males respond only 32% of the time (n = 109). The ΔN::GFP dominant negative phenotype is suppressed by deletion of the C-terminus. Expression of ΔNΔC::GFP does not significantly interfere with wild-type mating (58% n =52) but does minimally rescue the pkd-2 response defect (Fig. 3A: 19% n = 57). Thus, while the TM region is capable of forming a functional multimeric complex that is targeted to the cilia, this complex does not interfere with endogenous channel function.
The OSM-9 TRPV channel is restricted to the cell body ER of polycystin neurons Mammalian TRPP2 interacts with a TRPC (canonical) channel [38] . To test if other TRP channels are coexpressed with pkd-2, we evaluated the expression patterns of several TRP superfamily channel members. The TRPV1 channel OSM-9 is the sole TRPV gene expressed in the polycystin neurons (data not shown). In non sex-specific neurons, OSM-9 is targeted to the cilia only when coexpressed with another TRPV family member [39] . Consistent with this predicted requirement for another TRPV channel in ciliary targeting, OSM-9::GFP is localized to the cell body, but not cilia, of the polycystin neurons (CEM, HOB, RnB, where n = 1-9 except R6B, Fig. 4) . osm-9 mutant males exhibit normal response and vulva location behavior (data not shown), indicating that OSM-9 does not play a direct role in polycystin-mediated sensory behaviors. Bargmann et al. have proposed that noncilial OSM-9 functions in sensory adaptation [39] . Whether OSM-9 plays a similar role in polycystin neurons is not known.
Human PC-2 and C. elegans PKD-2 are orthologs Unlike PKD-2, TRPP2/PC-2 is not targeted to cilia but is restricted to the soma of C. elegans polycystin neurons (Fig. 1) . Regardless of this difference in subcellular distribution, TRPP2/ PC-2 and PKD-2 are structurally similar and may share conserved function (Supplementary Fig. 2 ). PC-2::GFP partially rescues pkd-2 defects (30% response, n =168, p < 0.0001 vs. PKD-2::GFP, Fig. 3A) . Heterologous expression of a wild-type (untagged) PC-2 also complements pkd-2 null mutant defect (Supplementary Table 2 ). Deletion of the PC-2 cytoplasmic tail (PC-2ΔC::GFP) completely eliminates function (12%, n = 85), emphasizing the importance of the C-terminus. Our data supports the hypothesis that TRPP2/PC-2 and PKD-2 are orthologs.
Discussion
TRPP2 is localized to the ER, plasma membrane, and ciliary membrane of renal epithelial cells [8] . The subcellular distribution of TRPP2 depends upon the cell type and differentiation state and is regulated by endogenous elements and interactions with adaptor proteins. In the ER [29] , TRPP2 acts as an intracellular calcium channel [30] . TRPP2 also localizes to the plasma membrane where it functions as a Ca 2+ permeable, nonselective cation channel [11, 32, 40] . In nondividing kidney epithelial cells, TRPP2 is targeted to the to the ciliary membrane where it may be anchored to the axoneme for function as a flow sensor [6, 28, 41] . Like TRPP2, C. elegans PKD-2 is targeted to the ER and cilia. In C. elegans sensory neurons, PKD-2 regulates the ability of adult male worms to respond to mating cues that likely involve both chemosensory and mechanosensory components [16, 18, 37] . In spite of diverse physiological roles in the vertebrate kidney and nematode sensory neurons, trafficking of both TRPP2 and PKD-2 involves anterograde movement from the ER to the ciliary membrane as well as retrograde transport back to and retention in the ER/Golgi compartments. ClustalW analysis showed that C. elegans PKD-2 is closely related to human PC-2/TRPP2 and polycystin-2-like proteins 1 and 2 (PKD2L1/polycystin-L/TRPP3 and PKD2L2/TRPP5) as well as Drosophila and Chlamydomonas PKD-2 [3, [42] [43] [44] . TRPP2 and PKD-2 are structurally similar (Supplementary Fig. 2) . A variety of known targeting elements exist within the cytoplasmic regions of the TRPP2 protein sequence. Some of these motifs are important for anterograde transport from the ER and targeting to the plasma membrane or cilium, others are required for ER retention. Several are unique to TRPP2 and others are conserved within PKD-2. The N-terminal 72 amino acids of TRPP2 are necessary and sufficient to regulate ciliary targeting in mammalian cell culture [10] . This sequence is not conserved Fig. 4 -osm-9 and pkd-2 are coexpressed in polycystin neurons. A) In the adult male head, OSM-9::GFP (green) is expressed in the cell bodies and cilia of the amphid and OLQ sensory neurons that are also present in the hermaphrodite [48] . In the CEMs, OSM-9::GFP is restricted to cell bodies (arrows) and not observed in cilia. PKD-2::DsRed2 is targeted to cilia. B) In the male tail, the ray RnB and hook HOB sensory neuron cell bodies coexpress PKD-2::DsRed2 and OSM-9::GFP (arrows). C) OSM-9::GFP localization is restricted to the cell body of the RnB and HOB sensory neurons, and not observed in cilia (circle and arrow). Like pkd-2, OSM-9 GFP is not expressed in the R6B sensory neuron.
in PKD-2. However, there are myristoylation sites in the N-terminus of both PKD-2 (aa 48-53) and TRPP2 (aa 37-42); these may be involved in promoting an association with the plasma membrane. Myristoylation sites are enriched in ciliary and flagellar membrane proteins [45] . Phosphorylation of an N-terminal serine (S76) by glycogen synthase kinase 3 (GSK3) is important for ER retention of TRPP2 [9] . It is not known if this mechanism is employed in C. elegans.
CK2 phosphorylation regulates PKD-2 ciliary and TRPP2 plasma membrane abundance in C. elegans and mammalian cells, respectively [14, 22] . The C-terminus of TRPP2 contains elements that regulate ER localization: Deletion of the C-terminus results in a dramatic translocation to the plasma membrane [11, 23, 29] . PKD-2 does not possess this motif but instead contains a classic ER retention motif at the end of the carboxy terminus ( Supplementary Fig. 2 ). Here we show that this ER localization motif is essential for full PKD-2 activity (Supplementary Table 2 ). A unique cluster of amino acids in the C-terminus of TRPP2 is recognized by the phosphofurin acidic cluster sorting proteins PACS-1 and -2 [14] . The interaction of the C-terminus of TRPP2 with PACS-1 and -2 is required for the retrieval of TRPP2 to the ER and Golgi and is dependent upon CK2 phosphorylation at serine 812 [14] . Intracellular trafficking of the PACS proteins depends upon the AP-1 adaptor protein. While there is no acidic cluster in the PKD-2 C-terminus, the C. elegans homolog of the mu subunit of AP-1 (unc-101) is required to retain PKD-2 in intracellular vesicles [17] . We conclude that TRPP2 and PKD-2 likely share some trafficking and functional elements, but also possess divergent properties.
We previously showed that a GFP-tagged PKD-2 fragment containing the N-terminus, first TM domain and a portion of the extracellular domain including the first polycystin motif (PKD-2::GFP2) localizes to cilia of transgenic nematodes [16] . Likewise, the amino terminus of TRPP2 is sufficient for ciliary targeting in mammalian cells [46] . Here, we show that the TM region (including 6 hydrophobic domains and the extracellular loop typical of all TRPP2 proteins) is sufficient for somatodendritic and ciliary targeting and that the N-and C-termini are not necessary for PKD-2 localization in vivo. Combined, these data indicate that there are multiple ciliary localization signals in these TRP polycystin channels.
Other members of the TRP family are known to retain localization and function despite the absence of cytosolic tails. Mammalian TRPV4 rescues the osmolarity and mechanosensory defects of an osm-9 mutant and is localized to the somatodendritic and ciliary compartments in a subset of ciliated sensory neurons [47] . Deletion of the cytosolic tails of TRPV4 does not affect the somatodendritic or ciliary targeting of the TRPV4 [47] . Like the PKD-2 ΔNΔC construct, the TRPV4 ΔNΔC deletion construct retains some function [47] .
Male worms lacking pkd-2 will not respond to contact with a potential mate. If pkd-2 mutant worms containing human PC-2 are expressed under the control of the C. elegans pkd-2 promoter, they will respond to contact with a mate at a significantly higher level. These results indicate that the sensory function of polycystin-2 has been conserved in evolution, and we therefore propose that TRPP2 and PKD-2 are orthologs. In transgenic nematodes, TRPP2 is not visibly targeted to cilia but does partially complement the sensory defects of pkd-2 mutant males. One possibility is that TRPP2 functions in the cell body ER in worm sensory neurons and requires its partner PC-1 for ciliary targeting and function. In some mammalian cell lines, PC-1 is a prerequisite for TRPP2 protein translocation to the plasma membrane [11] . In C. elegans, the PC-1 homolog LOV-1 is required for efficient translocation to the ciliary membrane [17] . It is likely that common and species-specific molecular mechanisms regulate TRPP2 protein trafficking. Understanding how a TRP polycystin channel is transported and functions in its native environment will contribute to a better understanding of ADPKD pathophysiology.
